Uranium contamination in the dirt floor of an abandoned metal rolling mill was collected to determine whether it presents a significant exposure risk to workers when the facility is decontaminated. The contamination was present in the soil for over 50 years and subjected to rain, snow, ice and animal infestation while the building was abandoned. Multiple 100 mg samples of this dirt were exposed for increasing periods of time in simulated lung fluid to determine the dissolution rate. A pulmonary surfactant was added to half of the samples to determine whether the surfactant would affect the dissolution rate of uranium. Results indicate approximately 50% of the uranium dissolves quickly, within the first day, while no more than 15% of the uranium was found to dissolve during the intermediate time period, leaving 35-40% of the uranium undissolved, or constrained to a slow dissolution rate. The rapid dissolution of a significant fraction of the uranium contamination is atypical of most forms of uranium in soil and should be considered for safety controls for workers who may be exposed to resuspended uranium contamination during remediation. The addition of the pulmonary surfactant made no impact to the dissolution rate of uranium in the dirt.
First of all, I would like to than DOE and DHS for their funding through the Nuclear Forensics research grant at the University of Cincinnati. I would also like to thank my academic advisor and committee chair, Dr. Henry Spitz, for the inspiration to pursue this research, as well as incredible guidance in planning all aspects of this work. There are also many people who helped me develop my laboratory abilities for the duration of this project. Lastly, I cannot go without mentioning my gratitude towards my wife, Elisabeth, who supported me during this endeavor. Table also includes activity calculations and uncertainties. vii Figure 5 -A 4-bucket electric centrifuge was used to separate any undissolved soil particulates from the SLF/Surfactant solvents containing the dissolved uranium of a given dissolution fraction. Only two dissolution bottles were spun at a time due to scheduling. Figure 6 -Sample fractions that dissolved in the presence of pulmonary surfactant were decanted into glass jars. After being subjected to a 10% nitric acid solution, the surfactant is seen suspended throughout the liquid. The goal of this research was to determine the dissolution rate of uranium in simulated lung fluid and whether the presence of pulmonary surfactant affects the rate of uranium dissolution.
Samples of dirt contaminated with uranium were collected from the dirt floor of an abandoned metal rolling mill that rolled approximately 30 million pounds of natural uranium metal ingots between 1948 and 1957 ( Figure 1) . A description of this legacy site was reported by Glassford et al. (2013) . The solubility of uranium is an important factor in predicting the fate of the contamination in the environment and potential risk to humans. A series of experiments were performed using a standard formula for simulated lung fluid (SLF) modified by the addition of a lung surfactant to determine whether the dissolution rate would be affected by the presence of the surfactant. The surfactant was added to investigate whether inhaled uranium particles would interact with lysosomes found in pulmonary alveolar cells. The research study was conducted as a part of the nuclear forensics academic and research program at the University of Cincinnati,
College of Engineering and Applied Science.
Background
Throughout most of the second half of the twentieth century, the U.S. Department of Energy (DOE) established multiple sites around the United States to develop nuclear materials for defense (Elless 1997 ). Activities at these sites ranged through multiple steps to fabricate nuclear weapons, starting with uranium ore through manufacturing nuclear fuel and operating nuclear reactors to produce materials for nuclear weapons components. Many of the legacy sites have been retired, including those used for uranium metal processing and fabrication. During the very early period of the Manhattan Project, regulations to control emissions of radioactive materials, including uranium, were less rigorous than those of today. The United States Environmental Protection Agency (USEPA) has cited more than 1,500 hazardous waste sites within the United
States on the National Priorities List (NPL), also known as Superfund waste sites, some of which were part of the nuclear weapons complex (EPA 2011).
While a few legacy facilities have been decontaminated and plans have been developed for others, residual uranium metal contamination remaining at a few facilities requires evaluation of risk to humans and the environment should this material be released or resuspended during site
remediation. An important route of exposure is inhalation of uranium particles that would deposit in the respiratory tract and become distributed in other organs and tissue depending upon the solubility of the particles. This legacy contamination is also an excellent surrogate material for nuclear forensics analyses training since the processes that generated the contamination are well known. 
Lung Dissolution Experiments
The focus of reports on the dissolution of uranium in the respiratory tract described in the literature include studies of (1) 
Composition and Mechanisms of Pulmonary Surfactant
The alveolar region of the lung is where the majority of oxygen and carbon dioxide gas exchange between the lung and blood stream occurs (Wright 2003 control RDS, the presence of surface tension active protein rather than alveolar defense proteins is understandable. However, the hydrophobic proteins may not fully mix with the high water volume of the SLF.
Toxic Materials in the Lung
Berry et al. (1988) has studied whether toxic mineral elements, such as chromium, cerium, uranium, or other readily and slightly soluble materials become concentrated in specific areas of the body, especially the pulmonary region of the respiratory tract following inhalation. It was reported that toxic heavy metals are not transported from deposition sites in the alveolar region of the lung into the blood stream, but accumulate within the lysosomes found in pulmonary alveolar cells (Berry et al. 1988 ).
There are several mechanisms that describe interactions of toxic metals, such as uranium, in the alveolar region of the respiratory tract. A mechanism of interest involves clearance of material isolated by lysosomes from the alveoli. Pulmonary lysosomes, such as type I pneumocytes, macrophages, and lysosomal hydrolases, will concentrate toxic substances. The manner in which they treat a foreign substance plays a pivotal role in the fate of the toxic material within an organism (Berry et al. 1988) . One or more of these mechanisms may affect dissolution of the uranium metal contamination in samples of dirt collected at the rolling mill, should it be inhaled after resuspension.
Toxicity of a material is significantly dependent on its solubility. Insoluble materials reaching the pulmonary alveoli may also be engulfed by macrophages. Alternatively, the material may cross the alveolar-capillary barrier and be transported to other areas of the body which have an affinity for heavier materials (e.g. bone) (Berry et al. 1988) .
A second group of very small, clay-like inhaled insoluble particles can reach the alveoli and concentrate in the macrophages. The difference occurs when lysosomal hydrolases slowly dissolve the minerals that may be released and transported through alveolar clearance. Some toxic elements bind to cerebral tissues, causing incurable cerebral lesions (Roberts 1987 ).
Inhaled water-soluble toxic particles, such as iodine, diffuse rapidly across the alveolar-capillary barrier and into target organs. Alternatively, alveolar clearance of such particles would involve being captured by lysosomes of alveolar macrophages where the dissolved particles concentrate.
If the toxic substances concentrate in the macrophages, they cannot spread to target organs, but instead are slowly eliminated through alveolar clearance (Berry et al. 1988 ).
The complex, diverse physical arrangement of the respiratory tract makes it challenging to describe the transport and dissolution of inhaled particles. If SP-A and SP-D treat inhaled particles of uranium metal as foreign bodies in the alveolus, then dissolution of uranium should be affected by these protein interactions. It becomes a question whether the surfactant traps and isolates toxic metals, like uranium, or expels them through an alveolar clearance mechanism. It is also necessary to consider how well a surfactant will interact with components of the conventional SLF.
Scope and Aims of Experiment
This study was designed to investigate the dissolution rate of uranium metal contamination in simulated lung fluid made using a conventional recipe that has been augmented by the presence of a pulmonary surfactant. The uranium metal contamination was generated between 1948 and 1957 by rolling hot forged uranium metal billets into rods at a rolling mill that was first opened Category S denotes comparatively insoluble materials and corresponds to the Y inhalation class.
This represents the particle transport rate of the slow clearing alveolar interstitial (AI) compartment. Even for this category, there is a very small contributing factor of rapid uptake after inhalation, often considered a negligible amount (ICRP66 1994).
Determining whether pulmonary surfactant in SLF affects the dissolution rate of uranium metal contamination is the second focus of this research. Any differences will be determined by measuring the amount of uranium dissolved between SLF with and without surfactant, for each dissolution fraction.
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Materials and Methods
Four samples of approximately 100 mg of uranium-contaminated dirt collected from the dirt floor of the abandoned uranium rolling mill were prepared and used in this dissolution study.
Initial uranium measurement of each 100 mg sample of uranium-contaminated dirt was performed using gamma spectrometry. A high purity germanium detector (Canberra model GC10021) and computer based gamma spectrometry and analysis software (Genie 2000) were used to measure each sample arranged on the face of the detector. The standard recipe for simulated lung fluid is shown on Table 1 (Moss 1979 ). The pulmonary surfactant, SURVANTA®, was added to half of the samples at the beginning of the experiment to determine whether the surfactant affects the rate of dissolution of uranium. Table 2 lists the detailed characteristics and aliquot sizes for each of the 8 individual samples that were processed in this research project. The uranium content in each sample was determined by gamma spectrometry prior to dissolution testing since the uranium contamination is not homogeneously distributed in the bulk material (Glassford et al. 2013 ). Table 1 lists the components of the SLF used in the research at recommended and measured concentrations used (Moss 1979 ). All components of the SLF, as well as the containers must be sterilized to minimize mold and bacterial growth. The SLF was sterilized by filtration using a 0.22 µm syringe filter. The surfactant was originally sterilized by the manufacturer, but not filtered prior to use because it was too viscous. All materials and equipment that came into contact with the SLF and surfactant was sterilized using an autoclave to minimize bacterial contamination ( Figure 3 ). After each dissolution period, the sample and solvent were separated using a centrifuge at 2,500 rpm for 30 minutes ( Figure 5 ) (Briant and James 1990). Immediately after centrifuging, a pipet was used to extract 90% of the supernatant on top of the sample. The supernatant was acidified with a concentrated HNO 3 at 10% of the total solution to retain the dissolved uranium in solution ( Figure 6 ). Fresh SLF was added to each of the decanted samples to begin the next period of dissolution. No additional surfactant was added since contact with the uranium was expected to be complete within the first hour ( Figure 7 ).
Simulated Lung Fluid Fabrication
The dissolution period adopted for each of the fractions was 1 hour, 4 hours, 8 hours, 24 hours, 7 days, and 30 days. These periods were selected because they are consistent with observing the type F and M soluble fractions adopted by Briant and James (1990). Any remaining undissolved uranium after 30 days was considered as type S. All undissolved uranium remaining after 30 days was totally dissolved for analysis using a rigorous potassium fluoride and pyrosulfate fusion procedure (Sill 1987 ).
Analysis
The precise content of uranium in each of the dissolution fractions was determined by using anion exchange chromatography, electrodepositing the uranium onto a stainless steel planchet, and measuring uranium on the planchet using alpha spectrometry. The selection of aliquot size was determined by measuring the gross alpha content of a 1.0 mL aliquot of each fraction using liquid scintillation counting (LSC). Excessive uranium mass in a sample will degrade the resolution of the alpha spectrometer. Thus, the size of the aliquot selected is based upon a volume of the dissolution fraction that contains less than 50 disintegrations per minute (dpm) of uranium alpha activity measured by LSC. The rate of uranium dissolution was determined by the percentage of total uranium that dissolved in increasing intervals of time. The quantity of total uranium is determined by the sum of uranium measured in each fraction plus any residual uranium that did not dissolve after 30 days. The undissolved uranium was brought into solution using a modified potassium fluoride and pyrosulfate fusion (Sill 1987 ; UCRADLAB-100 2011).
It was unnecessary to fuse the sample blanks, as there was no sample to fuse.
Liquid Scintillation Counting for Aliquot Determination
Prior to using the LSC, 1.0 mL of sample aliquot was added to 20. Boron and lithium fusions can also be used, although sodium mixtures will typically react faster than lithium and lithium borate fusions which require higher melting temperatures than a sodium or potassium fusion (Bock pp. 63 1979; MARLAP 2004) .
Silicates are almost always present in soil. Therefore, it is necessary to remove silica from samples because they will degrade alpha spectra (Sill 1987) . A potassium fluoride decomposition method was found to be suitable for dissolving the remaining sample in the post 30 day fractions. Residual aluminum and iron oxides, which were present in the dirt from the rolling mill, were treated by using a pyrosulfate fusion. Fortunately, the uranium in the dirt collected was highly soluble once disassociated from other soil contents, especially in a nitric acid solution.
Approximately 150 mL of 8M HNO 3 was added to the undissolved fraction as a preservative and to insure that the uranium remains in solution. The undissolved fraction was vacuum filtered using a Whatman #42 filter to remove any residual particles. The filtered fraction, along with two distilled water rinses was transferred to a 500 mL polyethylene bottle. The filter and its contents were then ashed slowly in a platinum dish until the entire contents exhibited a dark, soot-like appearance. The filtered sample was subjected to 0.5 mL of concentrated nitric acid with low heat to aid in ashing and to insure the sample was retained within the platinum dish. The melt was allowed to cool and solidify into a brown-olive colored cake, with some darker, undissolved pieces still remaining.
The remaining soil was dissolved by adding 2.0 g of sodium bisulfate to the cooled cake and heating until a clear pyrosulfate fusion was observed. The fusion was then swirled around the sides of the dish as it cools to produce a uniformly thin solid layer which was easily removed from the walls by flexing the dish (Figure 9 ). The cake was removed from the dish by addition of very dilute HCl (35:1) and rinsed into a beaker. The beaker was heated over a burner to dissolve any undissolved cake, leaving a bright green solution that was filtered by vacuum and added to the pre-fusion portion. Any remaining solid material was considered as a metal or alloy other than uranium and discarded.
Tracer Standard for Sample Recovery
The uranium concentration in each of the dissolution fractions is determined by alpha spectrometry. A known quantity of a 232 U isotopic tracer, not exceeding 10 dpm in activity, is added to each fraction as a means to determine the chemical yield. Any losses of sample through the procedure can be corrected by determining the recovery of tracer.
Anion Exchange Chromatography
Before the uranium concentration of each sample can be determined, it must be chemically purified via anion exchange chromatography. The procedure used in this research was adapted from Lamont et al. (2001) . Ten anion exchange columns are processed at one time that include eight dissolution fractions, a tracer blank, and a natural uranium standard solution as a quality control ( Figure 10 ). The uranium separation process was performed seven times; six iterations included the dissolution fractions and sample blanks, while a seventh included the fused fractions with no sample blanks ( Table 2) . Any detected uranium in a blank sample above the minimum detectable activity (MDA) of approximately 0.030 dpm for each alpha detector was considered contamination. Each sample aliquot was traced with the 232 U, dried on a hot plate, and dissolved with 5.0 mL concentrated HNO 3 and repeated once. After drying, the samples were converted to chloride form by adding 5.0 mL of concentrated HCl and dried two additional times to insure that all the uranium was in the same oxidation state. and used to elute thorium from the columns. Thereafter, the columns were rinsed with 3 column volumes of 8M HNO 3 to elute the iron. Uranium was eluted using 7 additional column volumes of 8M HNO 3 .
Electrodeposition Procedure
Each sample was electrodeposited onto a 5/16 inch stainless steel planchet. 
Data Analysis
The data selected for analysis was based on the isotopes of natural uranium, 238 analyzing the concentration of uranium and its uncertainty in each sample.
The uranium isotopic activity for each 100 mg sample was determined by summing the activity in each dissolved fraction plus the residual material. Figures 14-17 show the percent of total uranium activity that remained undissolved from each fraction with time for each of the samples. SigmaPlot TM 11.0 (2008) was used to determine a best fit, nonlinear regression function to the data and identified that the dissolution rate is best described using the following exponential expression, which reveals an exponential decay expression Chemical recovery of uranium, post anion exchange chromatography, was from measuring the known vs. measured alpha activity due to the 232 U tracer. Because the tracer and aliquots were homogeneously mixed through the wet-ashing procedures prior to anion exchange chromatography, the recovery of the other uranium isotopes reflects that of the tracer. If recoveries were found to be too low (less than 40%, or considerably low compared to the other samples), anion exchange chromatography and alpha spectrometry procedures were repeated for that particular sample fraction.
approximately 5%. Other contributions to uncertainty were less than 10 -4 and were mostly associated with variations in aliquot and tracer mass. Summation of total error for a given fraction was determined through the function:
Where σ represents the standard deviation of a value, and A, B, and C reflect specific points of uncertainty. While propagating the uncertainty for the remaining undissolved uranium, any dissolution fractions contributing to the calculation also contributed to the uncertainty calculations. Since the dissolution rate is determined by how much uranium remains undissolved over time, the fusion fraction data also contributed to overall uncertainty.
Results
Figures 14-17 demonstrate that the dissolution of uranium in all the soil samples exhibits nearly identical solubility, with approximately 50% class F. 10-15% class M, and 35-40% class S. All measurements of uranium for each of the dissolution fractions were above the MDA of approximately 0.030 dpm/sample. Table 3 shows that all sample recoveries ranged from 49.4%
for SLF1B to 91.8% for SLF2B.
Discussion
The addition of surfactant appears to make no difference in the dissolution rate of uranium in the samples analyzed. Results on Table 4 demonstrate that measurement uncertainties more than account for any differences in the undissolved uranium after each fraction. The heterogeneity of uranium metal contamination in the bulk soil has been well described (Glassford et al. 2013 ).
Furthermore, differences in uranium metal treatment used at the mill could also impact solubility. Although the feed stock at the mill was uranium metal, the contamination in the dirt floor of the mill, created by mechanically rolling hot forged uranium metal stock, remained in contact with the soil and moisture for over 50 years. Therefore, it is very likely that the elemental form of the uranium is variable. Some of the variation in solubility among all the samples may be due to the presence of UO 2 
Conclusions
The dissolution rates for natural uranium contamination in the dirt floor of the abandoned metal rolling mill are best described using a three component exponential function. The presence of a pulmonary surfactant in the simulated lung fluid made no observable difference in the uranium dissolution rate. After oxidation and weathering for more than 50 years, the uranium contamination present in the soil at this abandoned rolling mill appears to exhibit a significantly A-8 
